generation of oceanographic features such as the seasonally varying Juan de Fuca Eddy that forms off the entrance to Juan de Fuca Strait in summer (Tully, 1954; Freeland and Denman, 1982) . The long residence time for water in the eddy can potentially lead to enhanced domoic acid production from toxic Pseudo-nitzschia, which in turn is responsible for contamination of razor clam beds on the west coast of Washington State (Adams et al., 2000; Trainer et al., 2002) . Processes related to the production and distribution of domoic acid in the Juan de Fuca Eddy region are the focus of the ECology and Oceanography of Harmful Algal Blooms Pacific NorthWest (ECOHAB PNW) program (www.ecohabpnw.org). This multi-year program involves summer and fall oceanographic surveys over the shelf to establish the physical, biological and chemical processes in this region as they relate to the life cycle of Pseudo-nitzschia. As part of this program, the Institute of Ocean Sciences (IOS, Canadian Department of Fisheries and Oceans) is conducting a series of ocean model process studies to understand better the conditions that lead to the formation of the Juan de Fuca Eddy and how the physical oceanography of the system affects the domoic acid distribution. Since wind-induced circulation is expected to play an important role in the formation of the eddy, Mesoscale Model 5 (MM5) daily operational wind fields generated by the Department of Atmospheric Sciences at the University of Washington (UW) are being used to provide momentum flux boundary conditions for the ocean models.
The purpose of this paper is to provide a statistical comparison between the MM5 model-derived winds and winds measured at Canadian and U.S. meteorological buoys off the coast of North America from British Columbia to northern California. Results of this comparison are then used to determine the ability of the model winds to reproduce actual winds for specific regions of the north-east Pacific coast. In Section 2, we examine comparisons between model and observed winds previously undertaken for the north-east Pacific. Section 3 describes the configuration of the MM5 model. The observed buoy winds and statistical comparison to the means and variance of the MM5 winds are presented in Section 4. Rotary power spectra of wind velocity for selected time series and coherence analysis for MM5 and observed winds are summarized in Section 5. A discussion and concluding remarks are presented in Section 6.
Previous studies
A network of World Meteorological Organization (WMO) buoys operated by the United States and Canada provides near real-time meteorological and surface ocean conditions for the west coast of North America (www.ndbc.noaa.gov). Several previous studies have compared buoy observations to derived wind products from a variety of sources. Thomson (1983) compared the spectral characteristics of buoy winds for the west coast of Vancouver Island to derived 6-hourly geostrophic winds (Bakun, 1973) for the region provided by the National Marine Fisheries Service (NMFS). The computed geostrophic wind fields failed to resolve short-term wind reversals and the coastal diurnal sea breeze in the computed wind field extended unrealistically far offshore. Computed peak summer north-westerly winds were rotated 20°to the right of observed winds, while coherence analysis showed that computed winds were closely representative of the observed winds only at periods greater than two days. Cherniawsky and Crawford (1996) compared monthly mean wind speeds and directions from buoys off the west coast of Canada to those from the Comprehensive Ocean-Atmosphere Data Set (COADS) for the period 1987-92. Differences between the 2°× 2°COADS and buoy winds arose mainly from inconsistencies in the method of recording observations from ships. The effect of large ocean waves on buoy wind measurements was also suggested as a potential source of measurement error for winds greater than 7-10 m s -1 ; above this range, buoy winds may be underestimated. Gower (1996) used buoy wave and wind data to inter-calibrate TOPography EXperiment (TOPEX)/POSEIDON wind fields and wave statistics for the north-east Pacific. Results showed that Canadian buoy wind speeds were about 10% lower than those from their U.S. and Japanese counterparts. Most of the discrepancy was attributed to differences in wind averaging methodology: the vector averaging method used for Canadian buoy winds led to lower winds than the scalar averaging method used on other platforms (in vector averaging, the observed wind speed and direction are transformed into orthogonal U and V velocity components prior to averaging, while for scalar averaging, the wind speed and direction are averaged separately). Vector averaging errors were more pronounced in high wave conditions. Since 1997, Canadian buoys have used the same scalar averaging technique as the U.S. buoys. Dorman and Winant (1995) noted that buoy measured winds along the U.S. west coast can be separated into three distinct regions: the Southern California Bight (SCB), the central and northern California coast south of Cape Mendocino, and the Washington/Oregon coast. In summer, winds in the SCB are noticeably sheltered, leading to low average wind speeds, while in winter, winds in the SCB are comparable to other regions of the California coast. Highest winds occur off Point Conception, immediately to the north of the SCB. The most persistent upwelling favourable winds are found off the central California coast where winds are equatorward for most of the year. Winds off the Washington/Oregon and British Columbia coasts are also strong, but dominated by alternating cyclonic and anticyclonic forcing, resulting in low average winds. For all regions of the U.S. west coast, winds are polarized parallel to the coast with the lowest degree of polarization along the Washington/Oregon coast. Koracin and Dorman (2001) used a 9-km grid MM5 regional model to examine topographic influences on the marine boundary layer (MBL) along the California coast in summer (June 1996) . Model and coastal buoy winds were deemed to be sufficiently similar for the authors to be confident in the MM5 results. They found that the typical wind structure near coastal capes is composed of an upstream convergence zone (compression bulge) and a downstream supercritical divergent flow (expansion fan) followed by a "deceleration zone". This flow structure exhibited strong diurnal variability which affected the local wind divergence field and cloud formation. The authors further concluded that the overall MBL structure (including winds) is governed primarily by topography in the inner coastal zone lying within 100 km of shore.
Model description
The cornerstone of the UW regional prediction model for the U.S. Northwest is the Pennsylvania State/National Center for Atmospheric Research mesoscale model, Version 5 -commonly known as MM5. The current configuration includes three domains: an outer domain with 36-km grid spacing that extends several thousand kilometres upstream over the Pacific Ocean; a 12-km resolution domain (Fig. 1 ) that includes the entire Pacific Northwest of the United States and part of southern British Columbia, and a 4-km domain that covers Washington, Oregon and portions of British Columbia, Idaho, and California. Using 38 vertical levels, the UW real-time system is run twice a day, being initialized and deriving boundary conditions from the operational forecasts from the National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) and Eta models. This type of "cold start," without any local data assimilation, was used after tests found that mesoscale data assimilation using local data assets only improved forecasts during the first few hours. The UW MM5 forecasts are run for 72 h over the 36-and 12-km grids for both the Eta and GFS-forced runs and for 48 h over the 4-km domain for the GFS model. Cumulus cloud parametrization (Kain and Fritsch, 1990 ) is applied only in the outer domains. The Reisner II mixed phase microphysics scheme (Reisner et al., 1998) , the Medium Range Forecast (MRF) planetary boundary layer (Hong and Pan, 1996) , and the Community Climate Model 2 (CCM2) radiation parametrization are applied in all domains. The MM5 output is verified operationally against the observations collected in NorthwestNet and is available on the web in graphical form or by File Transfer Protocol (FTP) from the National Weather Service and other major users. Additional information concerning UW high-resolution MM5 output can be found at the university website (http://www.atmos.washington.edu/mm5rt/).
Wind time-series constructed from the 12-km and 4-km resolution model output differ due to differences in how each model handles its restart. The 12-km MM5 model restarts at 00:00 UTC and runs for 72 h (it also has a subsequent daily restart at 12:00 UTC which is not used in this study). Therefore, each daily 24-h time-series derived from the 12-km model consists of the data from the 00:00 UTC analysis time step plus the subsequent 23 h of forecast data. The daily restart for the 4-km model is at 06:00 UTC; hence, the timeseries for a given 24 h period begins at the 06:00 UTC analysis, followed by 23 h of forecast covering the period 07:00 -05:00 UTC the following day. Atmospheric pressure, reduced to mean sea level, and 10-m wind components are among several model-derived quantities provided to IOS by the University of Washington.
Comparison of buoy and model winds
Our comparison of observed and model winds is based on data for the summer and fall of 2003, coinciding with the first year of the ECOHAB PNW program. Summer (July-September) is a period of variable winds with intermittent storms disrupting the prevailing north-westerly (upwelling-favourable) wind regime associated with the poleward seasonal shift of the North Pacific High pressure cell. The fall period (October-December) has prevailing southwesterly (downwelling-favourable) winds, punctuated by frequent storm events, associated with the Aleutian Low which intensifies over the Gulf of Alaska during the fall and winter months.
The buoy wind data were obtained from the Canadian Marine Environmental Data Service and from the U.S. National Data Buoy Center. A total of twelve buoys were selected for comparison to the MM5 model winds ( Table 1) . The overall percentage data return from the buoys for all six months was 94% (Fig. 2) , excluding fall data from buoys 46015 and 46022 which did not function for most of the second half of the record. Instead of attempting to interpolate between record gaps, the fall data for buoys 46015 and 46022 were simply omitted from the analyses. Short data gaps (on the order of a few hours) were filled by vector interpolation across the gap; longer gaps (up to a few days) were filled either by direct insertion of data from an adjacent buoy with similar wind characteristics, or by a distance-weighted vector interpolation of winds from two or more nearby buoys. Figure 3 presents the time-series of observed winds for the summer and fall of 2003 alongside the winds from the MM5 12-km model.
Prior to statistical analysis, winds were adjusted to the 10-m standard reference height using the look-up tables published by Smith (1988) . The tabulated adjustment factors for winds measured at 5 m depend on both wind speed and atmospheric stability given by the air-water temperature difference. After binning the wind speed and temperature data for all buoys over the full record of analysis, it was found that the majority of data fell within regions of the look-up table having adjustment factors of 1.06-1.08. For the purposes of this analysis, we chose a single adjustment factor within this range (1.08).
a Mean Winds and Principal Components
The mean (vector-averaged) observed and model wind vector components for the summer and fall periods are presented in Table 2 , along with the principal axes of the wind fluctuations u′(t) and v′(t) derived from the two-dimensional principal components analysis outlined in the Appendix. The principal axes can be used to define the along-shore and cross-shore directions of wind velocity in coastal regions where the major principal axis is typically aligned with the coastline (Beardsley et al., 1987; Emery and Thomson, 2001) . The sum of the Concluded eigenvalues λ 1 and λ 2 is equal to the total variance of the wind field, and the degree of polarization of the principal axes is defined by the ratio λ 2 /λ 1 . The principal axis amplitudes listed in Table 2 correspond to the standard deviation of the wind velocity fluctuations projected along the major and minor axes.
MEAN WINDS: SUMMER
The observed summer mean winds (Fig. 4a) are aligned with the coast, and blow from the north to north-west, with the exception of northern Vancouver Island where mean observed winds are relatively weak and directed onshore. Mean summer wind magnitudes are minimum off northern Vancouver Island and maximum near southern Oregon and northern California. The summertime wind-driven currents along the shelf off the Washington State coast (the region of primary interest to ECOHAB PNW) are dominated by nonlocally generated coastally trapped waves (Battisti and Hickey, 1984) . Ocean model simulations of the ECOHAB region require proper characterization of the forcing winds along the entire length of the simulated shelf region in order to correctly generate these poleward propagating waves. The MM5 12-km resolution mean summer wind direction is oriented 8 ± 19°to the right of the mean observed wind direction (the error stated is the standard error of the sample), and model wind magnitudes have an average ratio of 1.56 ± 0.65 compared to observed -a significant contribution to this high ratio comes from the highly overestimated average wind speeds at buoys 46146 and 46027. The largest discrepancies occur at the buoys off northern Vancouver Island where, averaged over the summer, the directions of the model winds are 30°to the right of observed winds, and at buoys 46146 in the Strait of Georgia and 46027 (Crescent City, California). At buoy 46146, the mean observed summer wind is weak and directed eastward towards the mainland shore whereas the model mean wind is relatively strong (similar in strength to model winds at the coastal buoys off Vancouver Island) and directed south-eastward. At buoy 46027, the model wind magnitude is more than twice that of the observed summer mean wind. There are several possible reasons for the different behaviours of the model and observed winds at these buoys. Both buoys are located within 10-20 km of shore where the structure of the model MBL that governs the diurnal sea breeze circulation is sensitive to many factors, such as the near-shore sea surface temperature structure, land-affected flow structure and cloud formation. Leidner et al. (2001) examined the summer daily coastal winds off California using a 12-km resolution MM5 model and showed that the model MBL structure off the California coast is also very sensitive to both initial conditions and the method used to spin up the model prior to the actual simulation.
72 / Scott W. Tinis et al. Comparing model runs of differing resolution, we note that the only significant differences between the mean 12-km and 4-km resolution model winds are at buoys 46146 and 46027. In the case of buoy 46146, the amplitudes of the 4-km model mean winds are closer to observed than the 12-km model winds, and are oriented 20°to the left of observed winds, compared with 45°to the right for the 12-km model winds. At buoy 46027, the mean 4-km model wind magnitude is even larger than that for the 12-km model, which is already twice the observed value.
MEAN WINDS: FALL
Observed mean fall winds are also directed alongshore, blowing from the south from California to Washington, and from the south-east along the British Columbia coast (Fig. 4b) . The average ratio (all stations) of mean fall MM5 12-km model wind speeds to observed wind speeds is 0.99 ± 0.13, but the mean model wind direction has an average bias of 35 ± 11°to the right of the observed mean wind directions. With respect to ocean modelling during this period, the MM5 wind direction bias may have implications on the locally forced onshore surface transport in the fall (Battisti and Hickey, 1984) , and, by extension, on the distribution and potential landfall of domoic acid. The 4-km resolution MM5 winds have a wind speed ratio of 0.94 ± 0.18 with a similar directional bias compared to the mean observed winds. Fig. 5a , amplitudes of the major principal axes for the 12-km MM5 summer winds are smaller than those of the observed winds, with an average model to observed axis ratio of 0.90 ± 0.08. The summer wind fluctuations are markedly rectilinear, with mean degrees of polarization of 0.12 and 0.15 for the observed and model wind ellipses, respectively. The orientations of the model wind major axes show a mean bias of 13 ± 7°to the right of the observed winds. Off Brooks Peninsula (buoy 46132) the observed major principal axis is much larger than at any other coastal buoy, but this feature is not captured by the 12-km model, which underestimates the observed major axis amplitude by 20%. The principal components of the 4-km model winds were similar to those of the 12-km model, with an average major axis ratio of 0.95 ± 0.13 relative to the observed axes. This is compared to an average ratio of 0.93 ± 0.08 for the 12-km major axes (using the same buoy stations used in the calculation of the 4-km average ratio). Much of the error in the 4-km average axis ratio is contributed by buoy 46146, where the 4-km model major axis is 35% smaller than observed. Excluding buoy 46146, the average axis ratio improves to 0.99 ± 0.06.
PRINCIPAL COMPONENTS: SUMMER As indicated in
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PRINCIPAL COMPONENTS: FALL
During fall (Fig. 5b) , the model major axis amplitudes are slightly smaller (ratio of 0.95 ± 0.05), on average, than the observed major axes, and model major axis orientations are an average of 9 ± 7°to the right of observed. The fall winds are less rectilinear than in summer, with mean degrees of polarization of 0.36 and 0.40 for observed and model axes, respectively. The model principal direction bias is mainly due to the coastal buoys south of, and including, buoy 46206 off the west coast of Vancouver Island, which have a combined major axis orientation bias of 12 ± 10°to the right of the observed wind. Agreement between the model and observed ellipse orientations in the Strait of Georgia and at the north end of Vancouver Island is good, with a combined model bias of only 5 ± 2°to the right of observed.
Results from the 4-km MM5 model show that the major axis amplitudes at all buoy stations within the 4-km domain (combined) are 0.96 ± 0.10 of the observed amplitudes, and have an average direction bias of 11 ± 10°to the right of the observed axis orientations. For the same buoys, the 12-km model major axes have an average amplitude ratio of 0.97 ± 0.05 and an average direction bias of 10 ± 9°to the right of observed. However, as in summer, these statistics are slightly skewed due to the poor agreement of the 4-km wind ellipse at buoy 46146, whose model major axis amplitude is only 73% that of the observed axis.
b Wind Speed Regression Analysis
Regression analyses were performed to compare model wind speeds to observed speeds at each buoy location using a linear regression forced through the origin. The square root of the chi-square statistic for the linear regression is used to measure scatter, where the y k are the model-derived wind speeds. Complete results of the regression analyses are presented in Table 3 . The mean regression slopes (± standard error) for the 12-km MM5 model winds versus observed winds are 0.93 ± 0.06 for summer and 0.91 ± 0.05 for fall. The mean regression slopes for the 4-km model winds versus observed winds are 0.97 ± 0.14 for summer and 0.89 ± 0.10 for fall. The 4-km mean regression slopes necessarily exclude the three buoys at the north end of Vancouver Island which lie outside the 4-km model domain; if these buoys are also excluded from the 12-km model analysis, the mean regression slopes become 0.94 ± 0.06 and 0.91 ± 0.05 for summer and fall respectively.
Values of χ (scatter) for the linear regressions range from 1.6-4.5 m s -1 . Buoy 46027 has a notably high scatter in summer of χ = 3.8 m s -1 (slope = 0.90) for the 12-km model wind regression analysis, and χ = 4.5 m s -1 (slope = 1.08) for the 4-km model regression. A time-series comparison of buoy 46027 winds from a selected summer period (Fig. 6) shows that there is a large diurnal sea breeze in the observed winds with night-time wind speeds that are considerably lower than daytime speeds -a characteristic not shared with the model winds -which leads to the large scatter values. Topographic influences (steering, thermal heating effects) and errors in the model MBL near shore (discussed in Section 4a1) are likely contributors to model errors at this station.
Another location where topographic effects are likely is at buoy 46146 in the Strait of Georgia. In both summer and fall, the slopes attained for the 4-km model wind versus observed regression analysis are markedly lower than for the 12-km model analysis. The lower regression slopes are accompanied by lower scatter values, indicating that although the underestimation of the wind speed is greater using the higher resolution (4-km) model, the overall fit of the model wind speeds to the observed wind speeds is better. The location of the buoy is within 5-10 km of steep mountainous topography near the confluence of two glacially carved valleys, Sechelt Inlet and Howe Sound (Fig. 1) . Winds, particularly those originating over land, will be steered by the topography and may not be simulated well by the MM5 model, even with a 4-km grid.
Rotary power spectra and coherence analysis
For a given frequency band, it is often useful to consider the winds as the sum of two counter-rotating vectors (Gonella, 1972) , one rotating anti-cyclonically with amplitude A -and phase θ -, and one rotating cyclonically with amplitude A + and phase θ + (Emery and Thomson, 2001 ). This is particularly useful for certain phenomena, such as motions in the inertial frequency band, which are highly polarized in the anticyclonic rotary direction. From this rotary decomposition, we can compute the power spectra of each rotary component and the spectral coherences between rotary components for different time series. For two rotary vector time-series, calculation of the rotary spectral coherences involves computing two inner coherences (between like-rotating components) and two outer coherences (between counter-rotating components). The advantage of rotary spectral decomposition is that the spectral properties and coherences are invariant under axes rotation. Thomson (1983) used rotary decomposition when comparing buoy-observed winds to computed geostrophic winds, and found that the observed winds were mostly elliptical in nature with a stronger clockwise component (the anticyclonic direction in the northern hemisphere).
Rotary power spectra (12-km model and observed) and inner coherences for buoy 46041 (Cape Elizabeth) are shown in Fig. 7 (summer) and Fig. 8 (fall) . The spectra and confidence intervals were computed using 32 degrees of freedom. In summer, both the observed and modelled rotary spectra (Figs 7a and 7b) show strong spectral peaks in the diurnal band, and the clockwise rotary component dominates in both spectra. The clockwise inner coherence (Fig. 7c) indicates that the coherence between the model and observed timeseries is significantly different from zero (at the 99% confidence level) over the diurnal and 2-5 day bands. The fall spectra (Figs 8a and 8b ) indicate a seasonal shift in peak energy to longer period motions. This shift also appears in the coherence spectra (Fig. 8c) , where significant coherence is found at periods greater than two days.
As the occurrence of high spectral energy in the diurnal and 2-5 day bands is repeated at most stations, averages of power spectral coefficients over each of these two bands were computed for each buoy location. Figure 9 shows the band-averaged clockwise component power spectra as a function of latitude for the coastal buoys (excluding the Strait of Georgia); spectral power levels for the 12-km and 4-km MM5 models are plotted for comparison. The four cases shown in Fig. 9 are (a) summer diurnal band, (b) summer 2-5 day band, (c) fall diurnal band, and (d) fall 2-5 day band. In the summer, the 12-km MM5 spectral levels in both bands compare closely to observations, with the exception of the diurnal band energy at buoy 46027 which was underestimated by the model. The 4-km model, on the other hand, had consistently lower diurnal band values than observed.
The fall diurnal spectral levels (Fig. 9c) show that the models match observed spectral values well at all stations and at both model resolutions, except at the two northernmost stations where diurnal energy is underestimated by the 12-km model. For the 2-5 day band (Fig. 9d ), both the model and observed spectra show similar distributions of energy along the Vancouver Island and Washington/Oregon coast north of Cape Blanco, with a maximum near the north end of Vancouver Island and a minimum at buoy 46027.
The clockwise inner coherences for the diurnal and 2-5 day period weather bands were also band-averaged for each buoy/model resolution pair, then plotted as a function of latitude for all coastal buoys (Fig. 10) . Since coherence levels reflect how well a given process in the observed wind timeseries maintains a consistent phase relationship with the same process in the model, regions of low coherence reveal where the observed/model wind phase relationship is poor. Low coherence could also be caused by the absence of a given process in one of the two contributing time-series, but because the distributions of power spectral energy for both the observed and model winds are similar, that is not the case here.
The summer pattern of coherence as a function of latitude for the diurnal band (Fig. 10a) shows high coherence levels off northern Vancouver Island and the Washington State coast, with local minima off central Vancouver Island (buoy 46206) and southern Oregon. This pattern is repeated for the 4-km model with generally lower coherences, particularly off the coast of Washington. The 2-5 day band summer coherences (Fig. 10b) have a strong maximum near the north end of Vancouver Island and decrease slightly towards the south. At buoy 46027, coherence in the 2-5 day band drops significantly. Coherence levels for the 4-km model in this band are marginally lower than the 12-km model at all stations.
The fall diurnal coherence levels ( Fig. 10c) are low (0.48-0.69) along the entire coast, and do not show a strong dependence on latitude at either model resolution. The 2-5 day band coherences (Fig. 10d) , on the other hand, are high (0.79-0.96) with a pattern similar to the summer diurnal band (minima off central Vancouver Island and southern Oregon). • Least squares regression analyses comparing the higherresolution 4-km MM5 model winds with observations showed some improvement (decrease in scatter) over the 12-km MM5 model in isolated cases, but not throughout the entire model domain.
Summary and conclusions
The model performance for the three dominant meteorological conditions (summer wind-induced upwelling, summer diurnal sea-breeze, and fall storms) occurring during the comparison period is summarized as follows: 78 / Scott W. Tinis et al. Solid lines are clockwise (CW) components and dashed lines are counter-clockwise (CCW) components. All spectra are computed using 32 degrees of freedom. The Nyquist frequency in the power spectra is denoted by nyq.
• Upwelling: periods dominated by upwelling favourable north-westerly winds are well reproduced by the model, with the possible exception of northern Vancouver Island where the model shows a clockwise bias of 15-20°in the principal axes compared with observation. Mean vectors at the very north end of Vancouver Island also show a clockwise bias (25-56°) during this period.
• Diurnal sea-breeze: coherence between the model and observed winds in the diurnal period band is moderate to high (0.47-0.75), but generally lower than coherence in the 2-5 day period band. Along the continental shelf, comparatively low diurnal period coherence is found at buoy 46206 (La Perouse Bank), and at buoys south of Cape Blanco in summer.
• Storms: Despite the 35°clockwise bias in the mean model winds during the fall storm period, coherence between the model and buoy winds during this period for the 2-5 day period band from Oregon to the northern end of Vancouver island is high (0.82-0.96).
Model performance in the Strait of Georgia was notably different for the two buoys (46131 and 46146) included in this study. At the northern buoy (46131), the mean wind vectors (Fig. 4 ) and principal axes (Fig. 5) were similar between the modelled and observed winds in both summer and fall. The spectral power in the diurnal band was overestimated by the model in summer (not shown). Coherences were comparatively low, with diurnal band coherences of 0.61 and 0.44 in summer and fall; coherences in the 2-5 day band were 0.61 and 0.77 for summer and fall, respectively. At the southern buoy (46146), the mean modelled winds (Fig. 4) compare poorly with observations. As with buoy 46131, the model spectral power levels closely match observed levels, but coherences are low. Of particular note is the summer diurnal band coherence (0.20) which is barely significant at the 95% confidence level. Also notable were the results for buoy 46027 off northern California where the observed wind speeds over a 12-day period in summer ( Fig. 6) result, the average modelled wind speeds are much higher than observed wind speeds. The magnitude of the diurnal variability appears to increase to some extent in the 4-km model relative to the 12-km model, suggesting that there may be near-shore wind processes that are slightly better represented by the higher resolution model, although the process is not accurately captured by either. With respect to model resolution, buoy 46027 is one of few sites to show an improvement in simulated wind characteristics with the increase in resolution from 12 to 4 km. In most cases, differences in results for different model resolutions were negligible, and in the case of the southern Strait of Georgia the model biases were often larger at higher resolution. While winds in the Strait of Georgia do not directly affect physical ocean processes in the ECOHAB PNW area of interest, MM5 model winds should be examined closely before use in the Strait of Georgia for certain applications, such as search and rescue missions, which require highly accurate wind forecasts. of the quadratic equation for λ gives two variances, one along the major principal axis of rotation (λ 1 ) and the other along the minor principal axis (λ 2 ):
The angle of rotation of the principal axis is found by:
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